Thermal gradient distribution of the Jianghan Basin is obtained based on systematic steady-state and oil-test temperature data. The present geothermal gradient and terrestrial heat flow of 18 wells are calculated in the Jianghan Basin. A total of 9 measured terrestrial heat flow values are reported based on detailed thermal conductivity data and systematic steady-state temperature data. These values vary from 41.9 to 60.9 mW/m 2 , with a mean value of 52.3 ± 6.3 mW/m 2 . However, thermal history analyses, derived from vitrinite reflectance (R o ) and apatite fission track (AFT) data, indicate that the Jianghan Basin was at a stable stage before the Indosinian movement. The heat flow increased and reached its maximum value of 68 mW/m 2 during the Late Indosinian to Early Yanshan period. Since the Late Himalayan period, rapidly decreasing basement heat flow made the Jianghan Basin cool down. Furthermore, geohistory analysis reveals that the tectonic subsidence of the Jianghan Basin from the Cretaceous to Early Miocene was characterized by initial synrift subsidence followed by thermal subsidence. The thermal and tectonic subsidence history have directly effects on petroleum source rock maturation, so their analyses are of great significance forpetroleum exploration and hydrocarbon source assessment in the Jianghan Basin.
INTRODUCTION
Heat in the lithosphere is both the driving force and the product of tectonic processes, providing a crucial constraint for the discussion of mechanisms involved in the evolution of a basin (Hu et al., 2001 ). Attenuation of the continental lithosphere results in isostatic movements, which produce intense uplift and subsidence of the earth's surface. The thinning of the lithosphere also increases the geothermal gradient and surface heat flow. 
Thermal conductivity
Thermal conductivity is an important parameter for calculating the heat flow, and its variations are related to the mineral composition and porosity of the lithological profile. In our study, 124 core samples were tested with a German Thermal Conductivity Scanning (measurement range of 0.2~25 W/(m·k) and precision of 3%) in order to obtain the thermal conductivity (K) values. Each sample was tested three times under the same conditions (water-unsaturated), and the average value of the three measurements was considered as the thermal conductivity of each sample. The measured samples included mudstone, sandstone, limestone, dolomite, and anhydrite, with the thermal conductivity values ranging from 0.882 to 10.127 W/(m·k) and the mean value of 2.57±0.3 W/(m·k) ( Table 2 ). Mudstone and sandstone showed low values and wide variation due to their variable mineral composition and compaction degrees, whereas dolomite and limestone showed higher values but a relatively narrow range.
Present-day heat flow
The heat flow distribution is obtained based on the thermal gradient and the corresponding thermal conductivity for a given depth interval. The heat flow values, thermal gradients, and related thermal conductivity values are shown in Table 1 . * represents mean thermal conductivtiy to the adjacent wells; ** represents the mean thermal conductivity to the same strata of the basin.
In order to obtain a valid heat flow value, the equilibrium temperature gradient must be obtained in combination with the thermal conductivity of the materials with measured temperature gradient data (Beck and Balling, 1988) . However, the reliable heat flow value is difficult to obtain from field data. Firstly, the temperature field is usually greatly disturbed during drilling, and the temperature is difficult to measure in a near steadystate. Secondly, other elements (climate change, underground water, topography, etc.) also significantly perturb subsurface temperatures (Wang et al., 1986; Kukkonen et al., 1998; Majorowicz et al., 1999; Zhu et al., 2009 ). In our study, some abrupt changes of temperature shown in Figure 3b may be related to groundwater, but they do not influence the regional thermal field of the basin. Measured heat flow is calculated from systematic steady-state temperature data and thermal conductivities in the corresponding depth intervals, and it can be useful for evaluating the deep thermal state of the crust and upper mantle. Moreover, the measured heat flow is relevant to deep processes, shaping the tectono-thermal structure of the Jianghan Basin.
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Present-day heat flow, thermal history, and tectonic subsidence of the Jianghan Basin Nine measured heat flow values are calculated in our study (Table 2 ). In the case that samples from wells were not available, heat flow was calculated from thermal conductivity of corresponding strata. Our results show that the heat flow value in the Jianghan Basin ranges from 41.9 to 60.9 mW/m 2 . The statistical average for the nine measured heat flow values is 52.3±6.3 mW/m 2 , which is lower than the mean terrestrial heat flow of continental areas in China (Guo et al., 2005) and close to that of the Sichuan Basin (Yuan et al., 2010) . The heat flow contour map of the basin (Fig.  5) was constructed using the 9 measured values (Table 2 ) and 35 data of basin center and basin margin (Hu et al., 2001; Yuan et al., 2006) .
The heat flow is the highest (>60 mW/m 2 ) in the center of the Yuan'an Sag. The higher heat flow occurs in the Qianjiang and Xiaoban Sags and in the southern Jiangliang Sag. The lowest heat flow value (<45 mW/m 2 ) occurs in the Hanshui Sag and Jingshan area.
Most oil fields are distributed in the areas of higher heat flows (Fig. 5) . In recent years, some oil fields have been found in the Yuan'an, Herong, Qianjiang, and Xiaoban Sags, corresponding to the highest heat flow distribution area (>50 mW/m 2 ) in the basin. Few oil fields have been found in the northeast area with low heat flow. In the petroliferous basin, the relative low heat flow may deepen the threshold of organic matter maturation. (Fig. 6) . Vitrinite reflectance values of the samples from Well Fang1, Zhong8, and Wu4 are higher than 2% and vary fast with depth ( Fig. 6a, dottedline) . These wells are located in the uplift region, where Palaeozoic strata contact quaternary with an unconformity. We predict that these strata had been buried rather deeply and experienced high paleotemperature. However, vitrinite reflectance values of the samples from Well Dangshen3 and Feng1 change relatively slowly with depth (Fig. 6a, solid line) . These wells are located in a Mesozoic fault depression, where the strata experienced the highest paleotemperature and the later tectonic movement had little influence on the vitrinite reflectance values. Moreover, we find that vitrinite reflectance data are correlatable with stratigraphic age (Fig. 6b) , i.e. the larger vitrinite reflectance values correspond to older strata. Hydrocarbon source rocks underlying the Paleozoic rocks are high matured with their vitrinite reflectance values larger than 1.3%. Upper Paleozoic hydrocarbon source rocks are also high matured. Cenozoic hydrocarbon source rocks are at low mature stage. In addition, Guo et al. (2005) tested several apatite samples from Well DS3 for apatite fission track (AFT) data, which were used in our thermal modeling. The age of the fission tracks in the samples is younger than the age of the strata. The broad distribution of AFT lengths and the inverse relationship between AFT length and burial depth of the samples indicate that all the AFT experienced the annealing. Several peaks of AFT length distribution in the samples indicate that the region has experienced significant tectonic uplift. The AFT ages become zero in the depth range of ~ 3000 m, giving the partial annealing zone (PAZ) of AFT up to ~ 3000 m (Fig. 7) . Yuan et al. (2010) studied the onset of uplifting for the Jianghan Basin after the Indosinian event by combining the analysis of AFT ages with modeling of fission track length distribution, demonstrating that two episodes of uplifting occurred at157-97 Ma and 10-0 Ma.
Methods and thermal history modeling result
The thermal history for the Jianghan Basin was reconstructed from the inversion of R o data, based on the kinetic model of Sweeney and Burnham (1990) , and by incorporating the AFT data as constraints on potential time-temperature paths, based on the empirical kinetic model of laboratory annealing data in Durango apatite (Laslett et al., 1982) . Eighteen wells from various exploration blocks of the Jianghan Oilfield were selected for 1-D thermal modeling using BasinMod 1-D version 5.4 (Platte River Associates Inc. 2003). Stratigraphic data (e.g. well markers) were obtained from the well completion reports of the Exploration and Production Research Institute of the Jianghan Oilfield Company, SINOPEC. Default parameters in the BasinMod 1-D were used for the initial porosity, matrix density, and heat capacity. The bottom ages of each stratum and thermal conductivity data are listed in Figure 2 . The paleosurface temperature is set as 17 ? during the geological evolution. Mechanical compaction coupled with the Falvey and Middleton (1981) reciprocal porosity-depth relationship was used to model the burial history and erosion data from documents (Wang et al., 2002; Yuan et al., 2007) .
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Present-day heat flow, thermal history, and tectonic subsidence of the Jianghan Basin Figure 6 . a Vitrinite reflectance value VS depth; b Vitrinite reflectance value VS stratigraphic age. The reconstructed thermal history derives mainly from Ro data combined with AFT data from the different boreholes. Figure 9 shows the burial and thermal history in the Well Chacan1 in the southern Chenhu-Tuditang synclinorium. Reconstructed paleogeothermal gradients are the "effective or equivalent" geothermal gradients recorded by the thermal indicators when the sediments reached their maximum paleotemperature. The thermal history prior to ~ 200 Ma cannot be reconstructed as the sampled section cooled from maximum paleo-temperatures at approximately that time (Table 3) . Zhao et al. (2010) (Fig. 8) .
ENERGY EXPLORATION & EXPLOITATION
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Present-day heat flow, thermal history, and tectonic subsidence of the Jianghan Basin Figure 9 . Tectonic subsidence evolution in the Jianghan Basin.
TECTONIC SUBSIDENCE ANALYSIS
Geodynamics information could be obtained based on the history of tectonic subsidence of the basin (Allen et al., 1990; Henning et al., 2004; Katja et al., 2010) , which can be studied using the technique of subsidence analysis developed by Steckler and Watts (1980) and Hinte (1978) . Tectonic subsidence in the Jianghan Basin was reconstructed in our studies using the Falvey and Middleton's (1981) model. The compaction effect was accounted through using Sclater and Christie's (1980) model. The reconstructed tectonic subsidence in the Jianghan Basin is shown in Figure 9 . This basin was an intercratonic depression basin characterized by initial subsidence from the Silurian to the Late Permian. The stress state in the Early Triassic to Middle Triassic was characterized mainly by thrust compressing, causing rapid tectonic subsidence of the basin. The crustal uplift activity was strengthened in the Middle Jurassic. The tectonic subsidence of the Jianghan Basin from the Cretaceous to the Early Miocene was characterized by synrift initial subsidence followed by thermal subsidence. During the post-rift stage in the Neocene, different areas of the basin showed different tectonic subsidence processes. The largest tectonic subsidence took place in the northern of Yuan'an and Mianyang sags, resulting in a lower heat flow in the Eocene. On the contrary, the Jingmen and Hanshui sags underwent the lowest tectonic subsidence in the Eocene, accompanied by a higher heat flow than in other ρ s = spontaneous track density; ρ i = induced track density. N is the number of grains. All track densities are 10 5 /cm 2 . Ns and Ni are the number of spontaneous and induced track, respectively. Number of tracks counted or measured is shown in parentheses of length. Uncertainties are quoted at 2σ. Ages calculated using a zeta of 322.1±3.6 for dosimeter glass CN5 for apatite and zeta of 325.6±5.9 for dosimeter glass CN1 for zircon. N.D. = not determined. The λ d is 1.55125×10 -10 /yr and g=0.5 in this measurement. P(χ 2 ) = chi-square probability, which is a measure of probability that individual grains counted in a sample are from a single population; Ages were determined using average age when values of P(χ 2 ) <5%, which are generally taken to indicate that multiple age populations are present. However, ages were determined using assembled age with the values of P(χ 2 )>5%. Mean track lengths are corrected for length bias.
